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Featuring low heat dissipation, devices based on spin-wave logic gates promise to comply with increasing future
requirements in information processing. In this work, we present the experimental realization of a majority
gate based on the interference of spin waves in an Yttrium-Iron-Garnet-based waveguiding structure. This
logic device features a three-input combiner with the logic information encoded in the phase of the spin waves.
We show that the phase of the output signal represents the majority of the phase of the input signals. A
switching time of about 10 ns in the prototype device provides evidence for the ability of sub-nanosecond data
processing in future down-scaled devices.
The scaling of conventional CMOS-based nanoelec-
tronics is expected to become increasingly intrinsically
limited in the next decade. Therefore, novel beyond-
CMOS devices are being actively developed as a com-
plement to expand functionally in future nanoelec-
tronic technology nodes1. In particular, the field of
magnonics2–7 (see also reviews 8–12) which utilizes the
fundamental excitations of a magnetic system - spin
waves13 and their quanta - magnons14 as data carri-
ers, provides promising approaches to overcome crucial
limitations of CMOS since they may provide ultralow
power operation as well as nonvolatility9,12,15. Magnonic
devices are especially amenable to building majority
gates7,16–19 with excellent scaling potential leading to an
improved circuit efficiency. Hence, majority gates can be
considered to be key devices in a novel approach to cir-
cuit design with strongly improved area and power scal-
ing behavior20.
Spin waves cover characteristic frequencies in the GHz
regime and their wavelength can easily be reduced down
to the nanometer range12,21. Furthermore, their dis-
persion relation is highly versatile depending on ma-
terial parameters as well as magnetization and field
configuration8 making them usable in a wide range of
devices2–7,10,22–25. In this context, majority gates are of
special interest since a simple spin-wave combiner sub-
stitutes several tens of transistors, and three majority
gates suffice for creating a full-adder26. Multi-frequency
operation allows for parallel data processing27.
In this work, we present the experimental realization
and investigation of a prototype of a spin-wave major-
ity gate, whose functionality and performance on the
microscopic scale have been investigated in numerical
simulations7,17. The investigated majority gate has three
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Input phases Logic input
state
Logic output
statei1 i2 i3
0 0 0 000 0
0 0 pi 001 0
0 pi 0 010 0
pi 0 0 100 0
pi 0 pi 101 1
pi pi 0 110 1
0 pi pi 011 1
pi pi pi 111 1
TABLE I. Truth table of the majority operation. In the case
of a spin-wave majority gate, the logic state is encoded in the
phase of the waves.
inputs and one output9. The output state represents the
majority of the input states, which is illustrated in Ta-
ble I. In the numerical investigations as well as in our
experiments, the information is encoded in the phase of
the spin waves. Here, a logic ‘0’ corresponds to a certain
phase φ(0), whereas a logic ‘1’ is represented by a phase
of φ(1) = φ(0)+pi. Without loss of generality, the respec-
tive phases can be redefined to be φ(0) = 0 for a logic ‘0’
and φ(1) = pi for a logic ‘1’.
In each of the three input spin-wave waveguides
spin waves are excited inductively by RF currents sent
through copper striplines. These striplines have been
structured by means of wet-chemical etching from an
RF laminate (Rogers RO4000 R©) and feature a width of
wa = 75µm. All spin-wave waveguides have a width
of wg = 1.5mm. After propagating through the in-
put waveguides, spin waves enter the spin-wave combiner
in which the waveguides merge into a single waveguide,
subsequently leading to a superposition of the excited
waves. The propagation of waves through the skews into
the combiner and the output waveguide is expected to
feature comparably large losses. However, it has been
shown that propagation of spin waves through bended
215.75 mm
2.25 mm
FIG. 1. Sketch of the microwave setup used in the experiments (a) and photograph of the device under test (b). The input
signals diverge from a single microwave source and are conditioned in each channel with respect to amplitude and phase. The
signals are then sent to the shortcut copper striplines (red) evoking an Oersted field which excites spin precession. Spin waves
propagate through the input waveguides (width wg = 1.5mm) and the spin-wave combiner towards the output waveguide
(green). The output signal is detected employing a fast oscilloscope.
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FIG. 2. Transmission spectra of the respective input channels
towards the output channel. The characteristic backward vol-
ume dispersion behavior is clearly visible. Differences in the
attenuation are the result of various effects such as different
excitation efficiency, electromagnetic coupling, and different
properties of the microwave components.
structures is possible28. The spin-waves in the output
waveguide again generate an electrical signal in a copper
stripline which can be detected electrically by using a rec-
tifying diode and an oscilloscope, or an oscilloscope with
a sufficient sampling rate to directly map the spin-wave
signal, respectively. The actual waveguiding structure is
depicted in green in Fig. 1a together with the microwave
setup employed for signal conditioning and the excitation
of spin waves. The RF current for the excitation of spin
waves which is provided by a single microwave generator
(Agilent E8257D) is split into three input signals. The
input channels each feature an adjustable phase shifter
in order to encode the information into the phase of the
signals exciting the spin waves. Attenuators are used to
level out the different transmission characteristics of the
equipment and the different spin-wave excitation efficien-
cies of the respective input striplines. The oscilloscope
allows for the measurement of the resulting spin-wave
signal in the output channel. A photograph of the device
investigated in this work together with the underlying
excitation structure and microwave connectors is shown
in Fig. 1b.
The magnetic structure has been fabricated by means
of photolithography and wet-chemical etching from a
YIG (Yttrium Iron Garnet, Y3Fe5O12) film with a thick-
ness of 5.4 µm grown on a Gallium Gadolinium Garnet
substrate by means of liquid phase epitaxy29,30. Before
undergoing the patterning process, the linewidth of the
ferromagnetic resonance of the film has been determined
to µ0∆H0 = 0.062mT. Since this configuration allows
for mode selection in the output waveguide in the case of
microstructures7, the device is operated in the regime of
backward volume spin waves8 with the external field ap-
plied parallel to the waveguides. However, we have also
tested the device in the configuration of magnetostatic
surface spin waves with the field applied perpendicularly
to the waveguides. Although the transmission spectra
differ, the operational characteristics appear to be qual-
itatively the same. In order to determine the parame-
ters for an efficient operation of the device, spin-wave
transmission through each of the channels towards the
output is measured employing a Vector Network Ana-
lyzer (Anritsu MS46322A). In order to avoid nonlinear
effects, the input power is kept at a level of −3 dBm.
The corresponding transmission characteristics for each
input to the output are presented in Fig. 2. For all
three spectra, the backward volume transmission char-
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FIG. 3. Output signal observed with an oscilloscope with
high sampling rate allowing for the direct mapping of the
spin-wave amplitude. The corresponding experimental setup
is depicted in Fig. 1a. The dependence of the output phase
on the majority of the input phases is clearly visible.
acteristic is visible with the FMR frequency lying at
about fFMR ≈ 6.06GHz. The transmission highly de-
pends on various factors, such as the excitation efficiency
at each input stripline, reflections in the bends in the
combiner section of the gate, and the electromagnetic
coupling between the respective input stripline and the
output stripline, resulting in variations of the transmis-
sion efficiency for the different channels. Mainly, this
is attributed to the anisotropic character of spin waves
in in-plane magnetized films: The transmission through
the combiner requires a modification of the wave vec-
tor in the skews. For an externally applied field of
µ0Hext = 142.9mT we select an operational spin-wave
carrier frequency of fc = 6.035GHz which is used in the
subsequent experiments. This is justified in order to min-
imize distortions of the output signal. Especially in the
case of pulsed excitation, a constant transmission over
the entire frequency spectrum of the pulse is desirable.
Nevertheless, our studies have shown that the choice of
the working point is not critical and the majority gate
works well in a wide range of frequencies. For a reliable
operation of the device, equality of the signal amplitudes
in each channel has to be ensured. Therefore, the at-
tenuators in each channel are adjusted accordingly. As
mentioned above, the information is encoded in the phase
of the spin waves. Hence, the desired phase shifts of 0 and
pi for each signal have to be defined in consistency with
the phase shifts of the remaining channels. This require-
ment is satisfied by the following procedure: A signal
whose phase is defined as 0 is directly provided to the in-
put i2 serving as the reference channel. Subsequently, a
signal with calibrated amplitude is applied to one of the
remaining channels. By adjusting the phase shift and,
thus, maximizing and minimizing the output signal, re-
spectively, phase shifts of 0 and pi can be assigned to the
signal applied to this channel.
In the following, we will present and discuss the results
obtained from our measurements on the logic operation
of the device. First, for the detection and mapping of the
output signal, a fast oscilloscope with a sampling rate of
40GSa/s (Agilent infiniium DSO80804B) is used. This
allows for a direct detection of the spin-wave signal in
the output waveguide which is picked up by the output
stripline. For this, all possible input states have been ap-
plied to the device and the respective output signal for
each of these states has been recorded. The results of
these measurements are presented in Fig. 3. The quan-
tity most relevant to the output signal is its phase, since
this parameter serves as the carrier of information. As
can be seen, for instance, from the output signals for the
states ‘100’ (red downward triangles) and ‘011’ (black
squares), respectively, Fig. 3 reveals that the phase of the
output signal shifts by pi if all input signals are shifted
by pi. Defining the corresponding phases of the output
signal as logic ‘0’ and ‘1’, respectively, a reliable opera-
tion of the device is possible with the phase of the output
signal representing the majority of the phase of the in-
put signals. The data also show that output amplitude
depends on the input state, as expected for interference
based wave computing. For instance, in case of the input
state ‘111’, the output amplitude is Ua ≈ 75mV whereas
for the input state ‘110’ it amounts to Ua ≈ 25mV. As
a consequence, spin-wave based majority gates cannot
be cascaded directly and more complex (clocked) inter-
connecting schemes are required with the added bene-
fit of nonvolatility15. Alternative approaches might be
provided by the concept of parametric amplification31 or
nonlinear magnon phenomena6.
In addition to the direct mapping of the spin-wave
signal in the output channel, we are interested in the
switching speed of the device. The clock rate of po-
tential computing devices based on the majority gate is
limited by the time required for the gate to switch its
logic output state. In order to investigate this experi-
mentally, we changed the input signal instantly between
the logic states ‘100’ and ‘110’. The corresponding mi-
crowave setup is shown in Fig. 4a. The input state is
switched by inserting a fast microwave switch into the
input channel i2. By applying pulses to the switch (rise
time trise < 2 ns), the corresponding input signal either is
directly applied to the excitation stripline or first passes
a delay line resulting in a phase shift of pi. Since the
output signal only changes its phase and not its ampli-
tude, we combine it with a reference signal with phase
φref = pi. The envelope of the interference signal is mea-
sured employing a diode which allows for analyzing the
resulting intensity of the combined signals. The results
of this measurement are shown in Fig. 4b. We define
logic voltage levels assuming threshold voltage values of
1/3× Vmax and 2/3× Vmax for logic ‘0’ and logic ‘1’, re-
spectively. Taking into account this definition, the rise
time of the output signal switching from logic ‘0’ to logic
‘1’ amounts to trise = 11.3 ns resulting in a clock fre-
quency of a potential device of t−1rise = fclock = 88.5MHz.
Since the clock frequency is related to the propagation
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FIG. 4. (a) Experimental setup used for the determination of the switching speed of the device. A fast microwave switch and a
delay line enable a periodic modulation of the phase if the input signal at i2 hence resulting in a periodic toggling between the
logic input states ‘100’ and ‘110’. (b) Switching event of the output signal recorded with a rectifying diode and an oscilloscope.
The signal exhibits a rise time of trise = 11.3 ns.
length of the waves through gate structure, we expect
the rise time to show good scaling behavior, and switch-
ing times below 1 ns should be feasible by miniaturizing
the device.
It can be summarized that in this work we succeeded
in the experimental realization of a majority gate based
on the interference of spin waves. Here, the phase of the
output signal is defined by the majority of the phases
of the input signals. Recent progress in the miniatur-
ization of YIG structures32–34 as well as techniques for a
phase control by electric fields as described in the work by
Ustinov et al.35 or by spin-polarized currents36 provide
promising drafts for the required advances towards appli-
cations. Due to their different properties, alternative ma-
terials such as Heusler compounds37,38 might constitute
an interesting option for the realization of a spin-wave
majority gate on the micro- and nanoscale.
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